The outer membrane of Gram-negative bacteria presents an effective barrier that restricts the release of proteins from the cell. Virtually all extracellular proteins of Gram-negative bacteria are exported by specialized systems requiring the action of several gene products. We have constructed a tripartite fusion consisting of (i) the signal sequence and rust nine N-terminal amino acids of the mature major Escherichia coli lipoprotein, (it) amino acids 46-159 ofthe outer membrane protein OmpA, and (Mi) the complete mature ,-lactamase (EC 3.5.2.6) sequence. This protein had an enzymatically active ,-lactamase and was found predominantly in the outer membrane. Immunofluorescence microscopy, the accessibility of the fusion protein to externally added proteases, and the rates of hydrolysis of nitrocefin and penicillin G by whole cells demonstrated that a substantial fraction (20-30%) of the ,t-lactamase domain of the fusion protein was exposed on the external surface of E. coil. In cells grown at 240C the localization of 8-lactamase on the cell surface was almost quantitative (>80% of the enzymatically active protein was exposed to the extracellular fluid) as determined by nitrocefin and penicillin G hydrolysis and trypsin accessibility. These results demonstrated that a soluble protein, 13-lactamase, can be transported through-and become anchored on-the outer membrane by fusion to the proper targeting and localization signals.
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The mechanisms of protein insertion within and translocation across the outer membrane of Gram-negative bacteria are not well understood. For some outer membrane proteins, such as the PhoE porin, the information necessary for proper localization and assembly is interspersed within the primary sequence (1, 2) . Alternatively, the targeting signal may be contained within a single short continuous segment. For example, the signal sequence and first nine N-terminal amino acids of the major Escherichia coli lipoprotein (Lpp) are necessary for proper localization in the outer membrane. Fusion to this short sequence is sufficient to direct the normally soluble periplasmic protein 4-lactamase (EC 3.5.2.6) to the outer membrane (3) . Similarly, extensive studies with OmpA have suggested that the region between residues 154 and 180 is crucial for localization (4, 5) . With OmpA, targeting and correct assembly into the outer membrane appear to be distinct events. Only large fragments containing the entire membrane-spanning sequence of OmpA are able to assemble into a conformation exhibiting nativelike resistance to proteolytic digestion (4) .
In general, amino acid substitutions or insertions within outer membrane loops exposed on the cell surface are well tolerated and do not interfere with the folding of the protein in the membrane. Peptides as large as 60 amino acids have been inserted within external loops of various outer membrane proteins and have been shown to be exposed on the surface of intact E. coli cells by immunochemical techniques (6) (7) (8) (9) (10) (11) . However, efforts to direct soluble reporter proteins, such as alkaline phosphatase, to the cell surface by using fusions to outer membrane protein fragments have not been successful. These fusions either end up at incorrect cellular locations or become anchored in the membrane with the secreted protein domain facing the periplasm (12) . In Gram-negative bacteria the outer membrane acts as a barrier to restrict the export of proteins from the cell. Normally only pilins, flagellins, specific enzymes, and a few toxins are completely transported across the outer membrane (13) . Most of these proteins are first secreted into the periplasmic space via the general secretion pathway and then cross the outer membrane by a process that involves the action of several additional gene products (14) . For example, 14 genes are specifically involved in the export of the enzyme pullulanase from Klebsiella. This protein is found in the growth medium and in association with the external side of the outer membrane. Kornacker and Pugsley (15) have shown that P-lactamase fused to a large N-terminal fiagment of pullulanase can be translocated through the outer membrane of E. coli and becomes transiently associated with the outer membrane. This phenomenon, however, is dependent on the expression of the complicated pullulanase-specific export system.
In this work we have fused f3-lactamase to the N-terminal targeting sequence of Lpp and an OmpA fragment containing five of the eight membrane-spanning loops of the native protein. We have demonstrated that this fusion protein is assembled on the cell surface with the f3-lactamase domain stably anchored on the external side of the cell. This result showed that a periplasmic protein can be transported across the outer membrane in the absence of any specific export components. The expression of proteins on the bacterial surface has important implications for the development of whole cell adsorbents, live bacterial vaccines, and other biotechnological applications.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Growth Conditions. E. coli strain JM109 (endAl recAl gyrA thi-J hsdRJ7 (rk , mk+) relAl supE44 A(lac-proAB)/F' traD36 proAB laClq lacZAM15) was used for all experiments except for the K3 phage resistance studies, which were performed in the ompA mutant strain UH203 (lac supF ompA recA proA or proB rpsL/F' lacdq lacZAM15) (16) . Plasmids pJG311 (17) and pRD87 (18) were provided by M. Inouye and U. Henning, respectively. pJG311 contains a fusion of the signal sequence and first nine amino acids of Lpp and the complete mature P3-lactamase gene. To construct plasmid pTX101, which codes for the Lpp-OmpA-/3-lactamase fusion, a 342-basepair (bp) Sph I-Hpa I fragment from pRD87 containing the sequence for five outer membrane-spanning domains of OmpA was blunt-ended with T4 DNA polymerase and ligated to EcoRI-digested pJG311 DNA that had been treated with the Klenow fragment of DNA polymerase.
Cultures were grown in either LB medium (Difco) supplemented with 0.2% glucose or M9 medium (26) supplemented tTo whom reprint requests should be addressed.
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Ampicillin (50 Ag/ml) and chloramphenicol (10 ,ug/ml) were added as required.
Cell Fractionation and Protease Accessibility Experiments.
The separation of inner and outer membrane fractions was carried out as follows (19) . Cells grown at 370C were harvested from 200 ml of LB medium containing 0.2% glucose at an OD6N of 1.0, washed in 25 mM Tris HCI at pH 7.4, and resuspended in 10 ml of the same buffer containing 1 mM EDTA and lysozyme at 100 pug/ml at 40C. After a 2-min incubation the cells were lysed by two passages through a French pressure cell at 10,000 psi (69 MPa). The cellular debris was removed by centrifugation at 2500 x g for 8 min and the total membranes were precipitated by centrifugation at 115,000 x g for 1 hr. Membranes were resuspended in 0.8 ml of 25 mM Tris-HCI at pH 7.4 containing 25% (wt/wt) sucrose and loaded onto a step gradient of 30, 35, 40, 45, 50 , and 55% (wt/wt) sucrose in the same Tris-HCI buffer. After centrifugation at 165,000 x g for 16 hr in a Beckman SW41Ti rotor, 0.5-ml fractions were collected from the bottom of the tube. The density of the fractions was determined from refractive index measurements. The concentration of sucrose was lowered to <10o by diluting the samples with Tris HCI buffer followed by centrifugation to pellet the membranes.
The effect of externally added proteases on the enzymatic activity of Lpp-OmpA-3-lactamase was measured essentially as described by Kornacker and Pugsley (15) . Cultures grown in M9 medium were harvested at OD600 = 1.0, washed with fresh medium, and resuspended in M9 salts without glucose or antibiotics. The f3-lactamase activity in the whole cells was determined by using nitrocefin (Becton Dickinson) and penicillin G as substrates. The cells were incubated for 1 hr at 37°C in the absence of protease or in the presence of either proteinase K or trypsin at 0.1 mg/ml. The reactions were stopped by adding 10 mM phenylmethylsulfonyl fluoride or soybean trypsin inhibitor at 0.2 mg/ml, respectively. Subsequently, the cells were lysed in a French pressure cell and centrifuged at 2500 x g for 8 min to remove unbroken cells. The membranes were pelleted as described above and resuspended in 50 mM potassium phosphate buffer at pH 6.5, and the enzymatic activity of the membranes was measured.
Immunofluorescence. Cultures grown in M9 medium were harvested at midexponential phase and resuspended in phosphate-buffered saline (PBS) with or without trypsin at 0.1 mg/ml and incubated at 37C. Soybean trypsin inhibitor was added at different times to stop the reaction and incubation at 37°C was continued for a total of 1 hr. All subsequent procedures were conducted at room temperature. The cells were washed with PBS, incubated for 45 min with PBS and 1% bovine serum albumin (BSA), washed, and then incubated in the same PBS/BSA solution with rabbit anti-f-lactamase antibodies at 1:1,000 dilution for 45 min. After another three washes with PBS/BSA the cells were mixed with rhodamineconjugated goat antibody to rabbit immunoglobulin, incubated for 45 min, and then washed three more times. Finally, the cells were resuspended in PBS and examined by phasecontrast and video-enhanced fluorescence microscopy.
General Procedures. SDS/PAGE on 11% and 15% acrylamide gels and Western blotting were performed as described (20, 21) . The enzymatic activity off3-lactamase was measured spectrophotometrically at 240 nm with penicillin G (22) or at 482 nm with nitrocefin (23) as substrates. With penicillin G, one unit of f-lactamase activity is defined as that which hydrolyzes 1 mg of penicillin G per min. For phage spot tests, UH203(pTX101) cells were plated on LB agar plates containing ampicillin at 100 jig/ml. Drops of various concentrations of phage were placed over the cells and the plates were incubated overnight at 370C. The plates were then examined for areas of lysis where the phage were added. Protein concentrations were measured by the Bio-Rad assay.
RESULTS AND DISCUSSION
We constructed a tripartite fusion consisting of the signal sequence and first nine N-terminal amino acids of Lpp, residues 46-159 of OmpA, and the entire mature 3-lactamase (Fig. 1) . Since Klose et al. (4) have shown that the OmpA fragments lacking the sequence between amino acids 154 and 180 are not transported to the outer membrane, the targeting signal from Lpp was used to mediate proper localization of the fusion protein. A schematic of the expected conformation of the Lpp-OmpA-f3-lactamase in the outer membrane is shown in Fig. 2 . The positions of the membrane-spanning domains and the externally exposed loops ofOmpA are based on the model of Vogel and Jahnig (24) .
E. coli JM109 containing the plasmid pTX101, which carries the fusion protein gene, was grown in LB medium supplemented with glucose. The plasmid pTX101 carries the Ipp promoter and the lac promoter-operator region so that the expression of the Lpp-OmpA-f3-lactamase is inducible by isopropyl /3-D-thiogalactoside (IPTG) (3) . The plasmid also carries the gene for the lac repressor. Although induction with IPTG was found to be lethal, a high level of expression was nevertheless obtained in the absence ofinducer. Cultures were harvested in late exponential phase and the cells were lysed in a French pressure cell and separated into soluble and cell envelope fractions by high-speed centrifugation. Approximately 84% of the total (8-lactamase activity from JM109(pTX101) lysates was found in the cell envelope fraction. Essentially all the remaining activity was present in the soluble fraction of the cell lysates, with less than 0.5% in the extracellular fluid. Even after prolonged incubation of stationary-phase cells (24 hr) there was no increase in the percentage of (3- (25) . Virtually all of the f3-lactamase enzymatic activity was found in the higher-density fractions, which correspond to the outer membrane fractions (Fig. 3A) (Fig. 3B ).
The fusion protein was subjected to some degradation, which -resulted in the appearance of lower molecular mass bands that crossreacted with 4-lactamase-specific antibodies in immunoblots (Fig. 3C) . However, the relatively small pro-29 portion of degradation fragments indicated that most of the fusion protein had not been subjected to proteolysis.
The localization of the /3-lactamase domain with respect to the external surface of E. coli was determined by various 5 16 immunocytochemistry methods, activity assays, and protease accessibility experiments. For immunofluorescence studies, cells grown in M9 medium were labeled with rabbit ,B-lactam-.;LiY-ase-specific antibodies followed by secondary rhodamineconjugated goat rabbit-antibody-specific antibodies. In control experiments no fluorescence above background was detectcw; ;w~r;H~s able with JM109(pJG311) cells expressing the Lpp-,llactamase fusion protein. As expected, the Lpp moiety directed f3-lactamase to the outer membrane but was not sufficient to allow export to the cell surface. Fig. 4 show the presence of degradation products. There were no degradation products below the 32-kDa molecular mass standard. As with the native 3-lactamase, the Lpp-OmpA--3-lactamase migrates as two bands, depending on the oxidation of the single disulfide bond (36 total membrane-bound activity was reproducibly lost after a 1-hr incubation with either trypsin or proteinase K, compared with only a 3% decrease in JM109(pJG311) ( Table 1) . A comparable, although somewhat higher, percentage of surface-exposed activity was obtained from the rates of hydrolysis of nitrocefin and penicillin G in intact versus lysed cells grown in M9 medium. While nitrocefin and penicillin G can penetrate the outer membrane (27, 28) , the rate of hydrolysis by periplasmic f-lactamase is limited by the rate of diffusion through the membrane. As demonstrated by the low rate of hydrolysis of nitrocefin and penicillin G by intact JM109(pJG311) cells, the rate of diffusion of these ,B-lactamase substrates into the periplasm and the subsequent hydrolysis by the periplasmic enzyme was low (Table 1) . With intact JM109(pTX101) cells, the rate of hydrolysis of the 3-lactam antibiotics was considerably highEc due to the localization of P-lactamase on the external fac of the outer membrane. These results suggested that between 20o and 30% of the enzymatic activity of Lpp-OmpA-f3-lactamase was exposed on the surface of cells grown at 37TC, a significant increase over the background in control cultures (1-3%; Table 1 ). Thus, a substantial fraction of the intact P-lactamase must be fully exported across the outer membrane and become anchored on the E. coli surface.
Studies in our laboratories have demonstrated that the rate of folding of f3-lactamase decreases drastically with temperature (20) . We reasoned that growing JM109(pTX101) at a lower temperature might be able to retard the premature folding of the fusion protein during export and thus favor the correct insertion of the protein in the membrane. Indeed, in cultures grown at 240C the 83-lactamase activity was almost quantitatively present on the cell surface. The rates of nitrocefin and penicillin G hydrolysis and trypsin accessibility indicated 80-90%o surface exposure (Table 1) . It is noteworthy that the efficiency with which the /-lactamase domain was anchored on the cell surface under these conditions was even higher than has been reported for fusion proteins exported by the pullulanase-specific system (15) .
OmpA serves as a receptor for several bacteriophages. Morona et al. (29) have shown that phage K3 binds to the second exposed loop of the native protein. The ompA mutant strain UH203 is completely resistant to infection by K3. Since the tripartite fusion protein contains the OmpA sequences that serve as K3 receptors, the possibility that it restored phage sensitivity to UH203 was investigated. UH203 cells transformed with pTX101 were completely resistant to infection with various concentrations of the phage as determined by spot tests. The most plausible explanations for the resistance to phage infection are either (i) the OmpA domain is not properly folded in the outer membrane or (ii) the bulky f3-lactamase on the cell surface sterically shields the receptor domains in OmpA and prevents access of the phage. We favor the latter hypothesis for the following reason. The fact that ,B-lactamase is localized on the surface indicates that the C terminus of the OmpA fragment must be exposed on the cell, in agreement with the proposed conformation of the native protein (24) . It is hard to see how an improperly folded OmpA domain could be able to traverse the membrane and provide the driving force for the export of a 28-kDa protein.
The above results show that the outer membrane of E. coli does not present an inherent barrier to protein transport. In the case ofB-lactamase, exposure on the cell surface requires the presence of two distinct sequences that serve as signals for outer membrane (i) targeting and anchoring and (ii) translocation. The signal sequence and first nine amino acids of Lpp fulfill the targeting and anchoring function and allow In contrast to Lpp, the most important assembly region for other outer membrane proteins is probably in their last membrane-spanning segment; this segment is usually at the C terminus, is directed toward the periplasm, and is conserved in amino acid sequence (30) . [In OmpA, a 325-residue protein with a large periplasmic tail, this sequence occurs at amino acids 162-170, a p-strand previously identified as being essential for association with the outer membrane (26) and absent from our construct.] The importance of the last membrane-spanning segment may at least partially explain the failure of soluble proteins fused to typical outer membrane proteins to be exposed on the cell surface. In libraries of bipartite fusions such as FepA-PhoA (31) ability to place the model soluble protein, p-lactamase, on the E. coli surface. The expression of recombinant proteins on the cell surface is expected to be of great interest in biotechnology. For example, the production of single-chain antibodies on the cell surface can offer several advantages over the recently developed phage expression systems and may form the basis for a bacterial analog of the immune system (33, 34) . Another application is the expression of antigenic peptides on the cell surface for the development of live bacterial vaccines that confer immunity against infectious agents (35) .
